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Abstract 
Humans do not perform well in complex system. The inherent characteristics in complex systems, like a large number of 
elements, dynamic interaction, causal feedback relationships and delays significantly lower their performance. Research has 
shown that a better understanding of the underlying causal relationships of a system, enable subjects to control it more 
effectively. 
Former research by Maani and Maharaj (2004) came to the conclusion that the use of a structured method could enable people to 
gain a better understanding of a system and ultimately enhance their performance.  
This paper focuses on the description of an experiment to further investigate the relationship of these structured method to 
performance in a complex task. It describes the design of the experiment, the obtained data and how to analyse it. Emphasise is 
laid on the explanation of the structured method and on the complex task, which is represented by a business simulation. In 
addition, the eliciting of the understanding of the underlying structure of the subjects will be discussed. For measuring the 
comprehension, the mental models of the subjects are elicited and compared to the actual system. 
Practical implications and future research directions are outlined. 
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1. Introduction 
The number of ramp-ups and subsequently the need for 
ramp-up management have increased in the last years because 
of a higher variety of products, higher competition and shorter 
product life cycles [1, 2, 3]. 
The production ramp-up can be seen as a complex system. 
The definition of a ramp-up is the time between the end of 
product development and the reach of the intended capacity 
[4]. A complex system is characterized by the interaction of 
many elements. These elements relate to each other and the 
surrounding environment [5, 6]. Due to a lack in transparency, 
the unknown causal relationships, the high dynamic and the 
multidisciplinarity, the ramp-up is a complex system [7]. 
Former research has shown that subjects do not perform 
well in such complex and dynamic systems. Difficulties 
concerning the understanding of accumulation processes [8, 9] 
and causal feedback relations [10, 11, 12], especially when 
delayed, significantly lower the performance of humans. 
Several ways to enhance the understanding of complex 
systems are discussed in the literature. One of them is the use 
of decision aids to enhance the transparency of a system [13, 
14]. This leads to a better understanding of the underlying 
causal relationships. The assumption here is, that the 
necessary information is available, but typically it is not 
available or only at high costs and trouble. A more general 
approach is the teaching of systems thinking capabilities, as 
the ability to see things in a holistic and dependent manner. 
© 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the International Editorial Committee of the “2nd International Conference on Ramp-Up 
Management” in the person of the Conference Chair Prof. Dr. Robert Schmitt
116   Peter Bußwolder /  Procedia CIRP  20 ( 2014 )  115 – 119 
This involves especially dynamic thinking, thinking in loops 
and causal relationships and scientific reasoning [15, 16, 17]. 
Some of the results in the literature point to a third way. It is 
discussed as ‘heuristic competence’. People who behave in a 
more systematically fashion tend to perform better in a 
complex task [10, 18]. Additional support comes from Maani 
and Maharaj [17] who show, that subjects that think in a 
systematic, cyclic pattern outperform the subjects. 
The last aspect leads to the research question in this study. 
Can the thinking pattern be taught and are subjects in an 
experiment able to use it in a way which enhances their 
performance? The answer to this question would turn around 
the methodology of Maani and Maharaj [17]. They found the 
thinking pattern in an exploratory analysis of verbal protocols. 
If the results can be transferred, then decision makers in ramp-
up management could use it as a general method to cope with 
the system, largely independent of the specific circumstances. 
This article is structured in the following way. In the next 
section a review of the relevant literature is given. The 
research model with the hypotheses is also spread out. In the 
method section the experiment, the participants and the data 
analysis are explained. The paper concludes with a discussion 
and provides possible further research topics. 
2. Theory and Research Model 
2.1. Underlying Theory 
The theoretical framework for this paper is grounded in the 
literature about complex systems and mental models. 
Whereupon the term ‘complex system’ was already shortly 
defined as a system, which consists of a high number of 
interrelated elements [5, 6]. This involves also multiple 
contexts, as the sum of distinguishable levels (e.g. individual, 
group, organization,…) and degree of implications. The last 
aspect depends on the total consequences and their weight, 
that are triggered by a decision [19]. 
The concept of ‘mental models’ is highly associated with 
the research of human beings interacting with complex 
systems. A mental model is an analogous representation of an 
external system inside the mind of a person. It is formed 
through experience and perception and may change through 
learning and to adapt to changing situations. Because of the 
limited cognitive abilities of humans, the mental model is 
always incomplete. A mental model itself is used for 
reasoning and decision making [20, 21, 22, 23]. 
Several methods exist to elicit and compare mental models. 
This allows deeper insights into the thinking of experts and 
novices. Likewise is it possible to find important variables and 
underlying structures in their models [20, 24, 25, 26]. 
Research, which combines the comparison of elicited 
mental models with the performance of subjects in complex 
systems, indicates that subjects with a higher mental model 
accuracy tend to outperform those with a lower accuracy [27, 
28, 29, 30]. 
Mental model accuracy itself is computed through the 
comparison of a mental model with a benchmark. This could 
be the underlying known system or a clustered average model 
of all mental models of the subjects. Two methods are 
discussed primarily in the literature, the closeness and the 
distance ratio method. The closeness method involves only the 
links of two models to calculate its result, whereas the 
distance ratio method uses also the variables and links´ 
polarity [31]. Because the closeness methods ignores large 
parts of the available information, the distance ratio method 
will be used in this work. 
2.2. Research Model and Hypotheses 
The focus of this research lies on how the use of structured 
method facilitates the performance of subjects in a complex 
system. The research model in a basic (I) and a more 
sophisticated (II) conception is illustrated in Fig. 1. 
The structured method is defined as a thinking pattern, 
which structures the process of collecting information, 
developing appropriate strategies and their implementation 
into action. It is based on the results of Maani and Maharaj 
[17]. It is qualitatively measured by the number of completed 
cycles and the degree of their connection. 
Maani and Maharaj [17] looked at the relationship of 
systems thinking to complex decision making. The subjects in 
their experiment participated in a simulation, meanwhile 
talking aloud about their actions. Through verbal protocol 
analysis the researchers found a consistently followed, cyclic 
pattern, which was similar for all superior subjects. They 
termed it the CPA-cycle. It has three distinct phases: 
x Conception: Gaining an understanding of the structure of 
the problem 
x Planning: Developing a strategy 
x Action: Implementing of the strategy by specific decisions 
The goal of this research is to teach subjects the use of the 
CPA-cycle and to control, if this leads to better performance 
in a complex task. The results of the exploratory research of 
Maani & Maharaj [17] are adopted. 
By following the structured method closely, the subjects 
should be able to use existing information in a more effective 
way, especially with the aim to develop strategies and 
translate them into action. So the structured method is a 
information driven method with the focus on implementation 
of strategies. As a result the subjects should tend to learn and 
act effectively. Finally this leads to higher performance. 
 
Hypothesis 1: The use of a structured method is positively 
correlated with performance (Fig. 1 (I)). 
 
To go into more detail, by higher learning because of the 
structured method, the subjects are able to acquire a better 
Fig. 1. (I) Simple Model (II) Model with Mediator 
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understanding of the underlying system and can deeper assess 
the consequences of their decisions. This improves their 
ability to build more accurate mental models. 
 
Hypothesis 2: The use of a structured method is positively 
correlated to mental model accuracy (Fig. 1 (II)). 
 
As already quoted, subjects with a higher mental model 
accuracy show higher performance in controlling complex 
systems. Following this argument, it is reasonable to assume 
that the subjects using the structured method also show a 
higher performance. 
 
Hypothesis 3: Mental model accuracy is positively correlated 
with performance (Fig. 1 (II)). 
 
It is assumed that the variable “mental model accuracy” 
acts as a mediator between the structured method and the 
performance. 
 
Hypothesis 4: Mental model accuracy is a mediator between 
the structured method and performance. 
3. Methods 
The use of interactive and computer-based simulations for 
the research of the behaviour of subjects in complex systems 
and their interaction with this system is well known and 
accepted [32, 33]. 
Such simulations are able to represent three features of 
real-world decision problems. These are complexity, dynamics 
and opaqueness. Differences may lie in the extent to which 
these three factors are stressed. How the subjects move 
through the system, is partly dependent on their behaviour and 
on the other hand on the structure of the system. Because of 
this path dependency, the focus of the research lies at the 
strategies applied by the subjects [10]. This is also true for the 
research at hand. 
3.1. The Simulator 
The participants task is to manage a new founded company 
with one single product, i.e. a ramp-up of a whole company. It 
is necessary for the participants to analyze data and make 
decisions about pricing, the advertising budget and the number 
of machines to acquire. They can enter decisions every three 
months over a period of four years, which means they have 16 
points in time, where they are allowed to make decisions. At 
this points they get feedback about the current status of the 
company.  
The information is mostly of quantitative nature and 
consists of financial and non-financial data, which is in parts 
visualized. Figure 2 shows a simplified model of the 
underlying causal relationships in the simulation. The 
highlights variables are the decision-making factors for the 
subjects. 
3.2. Differences in treatments 
The experiment consists of two treatments, i.e. the 
treatment with the CPA-cycle and the treatment without 
(control group). As a first step, the subjects get randomly 
assigned to one of the two treatments. Then for preparation, 
both groups will participate in a computer-based and 
interactive learning program. The CPA-group will learn the 
foundation and application of the CPA-cycle, whereas the 
control group will learn nothing applicable for the simulation. 
The control group will be engaged in a short case study. This 
should minimize motivational effects, which may occur 
because of differences in the commitment to the experiment. 
Both learning programs end with a short assessment.  
At the next stage both groups take part in the simulation. 
The starting conditions in the simulation are the same for both 
groups, also the conditions are the same for all rounds. 
3.3. Participants and procedures 
Participants in the experiments are about 50 students of the 
RWTH Aachen University, 25 students per treatment. It is 
planed to constrain the subject-pool to students in economics 
to control for the influence of experience in economic 
thinking. The business focus in the simulation, may be more 
familiar with them, then with students of other professions. 
The students perform all tasks anonymously and individually. 
They get paid a fixed incentive combined with a variable 
reward, based on their performance in the simulation. 
The procedure for both groups is as following. After 
completing the assigned learning program of the randomly 
chosen treatment, they play two complete rounds of the 
simulation. These two rounds are dedicated for learning and to 
make the students familiar with the use of the simulation. 
They are completely free in their decisions. Their performance 
at this stage has no influence on the performance-based 
reward. During all rounds of the simulation, the students are 
requested to record their decisions, reasons and questions. The 
program offers a functionality for this. 
Fig. 2. Underlying Structure of the Simulation 
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After completion of the two turns, the understanding of the 
underlying system in the simulation of each student will be 
elicited. The eliciting method is based on Maróczy and 
Goldberg [25]. The students get an explanation of the eliciting 
method and a list with 33 reasonable items out of which the 
students can choose to build their model. The whole task is a 
pen-and-pencil assignment. Sufficient time is provided. 
After completion, the subjects play the last round of the 
simulation. In this round the subjects are explicitly requested 
to try to achieve a high performance, measured in terms of 
profit. The achievement is used to determine the variable 
incentive. The motivational effect of the incentive should 
encourage subjects to show a higher effort, especially in the 
previous rounds, designated to learning. 
The experiment ends with a questionnaire about 
demographic information, the usefulness of the upstream 
learning program and the straightforwardness of handling the 
simulation. 
3.4. Variables and data analysis 
Three sets of data are produced during the experiment. 
These refer to the following areas: 
x Task performance 
x Use of the CPA-cycle 
x Complex system understanding 
The performance is measured by the cumulative profit the 
participants achieve during the task. It measures the learning 
effect of the subjects over the three rounds and their ability to 
control the system effectively. 
How and if the subjects in the CPA-treatment used the 
cycle in a consistent manner, is measured by their score in the 
test at the end of the learning program and primarily by a 
content analysis of the record kept during the experiment by 
each subject. As hypothesized the number of complete and 
continued CPA-cycles should be positively related to the 
performance. 
The understanding of the complex system and its similarity 
to the actual underlying system is a mediator between the use 
of CPA-cycle and the performance. As several studies show, a 
higher mental model accuracy is positively related to higher 
performance [27, 30]. The mental model accuracy is 
calculated by comparing the variables and links of two 
models. The number of existing differences of both models is 
divided by the potential number of differences. The result is a 
character between 1 and 0, stating 1 as the models have no 
commonalities and 0 as the models are identical [24, 25]. 
Both models as illustrated in Fig. 1 are tested by ordinary 
least squared regressions. 
4. Discussion 
Research about human behaviour in complex dynamic 
systems has gained much attention in the literature. Results 
show that people in general do not perform well in such 
systems. On the other hand, the question how to improve 
performance is to date not fully answered. The envisioned 
research in this article aims at providing a piece of the puzzle 
to the discussion about heuristic competence. 
This would enable managers to deal with many different 
situations, e.g. the ramping up of a new product or process. 
The general ability to use the CPA-cycle would enable 
practitioners to incorporate it into problem solving and 
decision making.  
Future research could investigate the impact of other 
structured methods like the DMAIC (Define, Measure, 
Analyze, Improve & Control) in Six-Sigma [34] or the PDCA 
(Plan, Do, Check, Act) cycle in Total Quality Management 
[16]. This would also verify the benefits of the mentioned 
methods. 
A second, more specific thread of research focusing more 
on ramp-up management, lies in the use of mental models. 
Eliciting and comparing the mental models of the 
understanding of the ramp-up by several corresponding 
managers, would allow to identify the most important 
elements and structures. In the next step this could be used to 
develop a simulation of the ramp-up. Additionally this could 
be used for apprenticeship, at which the simulation may also 
be deployed. 
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